In a stable environment Nylasorb nylon filters collect unbiased HNO 3 d 15 N and d
d 15 N d 18
O Lightning a b s t r a c t
The sources and oxidation pathways of atmospheric nitric acid (HNO 3 ) can be evaluated using the isotopic signatures of oxygen (O) and nitrogen (N). This study evaluated the ability of Nylasorb nylon filters to passively collect unbiased isotopologues of atmospheric HNO 3 under controlled and field conditions. Filters contained in passive samplers were exposed in continuous stirred tank reactors (CSTRs) at high (16 mg/m 3 ) and moderate (8 mg/m 3 ) HNO 3 concentrations during 1e4 week deployment times. Filters were concurrently exposed at high and low N deposition sites along a gradient in the Sonoran Desert.
Filters deployed in CSTRs at moderate HNO 3 concentrations for 1e2 weeks had greater variation of d
O
relative to the 3e4 week deployments, while high concentration samples were consistent across weeks.
All deployment means were within 2& of the source solution. The d
15
N of all weekly samples were within 0.5& of the source solution. Thus, when deployed for longer than 3 weeks, Nylasorb filters collected an isotopically unbiased sample of atmospheric HNO 3 . The initial HNO 3 samples at the high deposition field sites had higher d 15 N and d
18 O values than the low deposition sites, suggesting either two independent sources of HNO 3 were mixing or that heavier isotopologues of HNO 3 were preferentially lost from the gas phase through physical deposition or equilibrium chemical reactions. Subsequent HNO 3 samples were subject to summer monsoon conditions leading to variation of isotopic signatures of N and O following 2-source mixing dynamics. Both sites mixed with a source that dominated during the two discrete precipitation events. The high number of lightning strikes near the samplers during the monsoon events suggested that lightning-created HNO 3 was one of the dominant mixing sources with an approximate isotopic signature of 21.6& and À0.6& for d 18 O and d
15 N respectively. Two-source mixing models suggest that lightning-created HNO 3 made up between 40 and 42% of atmospheric HNO 3 at the high deposition sites and 59e63% at the low deposition during the 4 week exposure. Ó 2014 Elsevier Ltd. All rights reserved.
Introduction
Nitrogen emissions from anthropogenic sources (e.g. fertilizers, domestic animal wastes, and internal combustion engines) contribute to the formation of photochemical smog and atmospheric particulates leading to the long distance transport of reactive nitrogen (N) (Fenn et al., 2003; Galloway et al., 2003; Vitousek et al., 1997) . Advances in stable isotopic analysis of N and O within atmospheric pollution are increasing our ability to differentiate these sources of N and the formation pathway of nitric acid (HNO 3 ) (Elliott et al., 2009; Hastings et al., 2003; Templer and Weathers, 2011) . The dominant forms of anthropogenic N in Southern California are ammonia (NH 3 ), nitric oxide (NO), nitrogen dioxide (NO 2 ), and HNO 3 . HNO 3 makes up a small component of the total N, but is a sink of NO x that is readily deposited to the surrounding ecosystem (Bytnerowicz and Fenn, 1996; Hanson and Lindberg, 1991) . The timing of peak atmospheric reactive N concentration coincides with the dry season in southern California, due to dependence of HNO 3 production on photochemical reactions (Calvert et al., 1985) , leading to a predominance of dry N deposition (Fenn et al., 2003) . Once deposited, the N can alter ecosystem N cycling (Goulding et al., 1998) and affect competitive interactions among plants leading to vegetation type conversion Padgett and Allen, 1999) .
Once NO x molecules are released to the atmosphere they undergo a series of photolytic reactions with ozone (O 3 ), peroxy radicals (ReO 2 ), and hydroxyl radicals to produce HNO 3 (Calvert et al., 1985) . Industrial combustion releases NO x with a positive d 15 N value (þ3.8 to þ20&; Elliott et al., 2009; Felix et al., 2012) , while vehicle emissions have been measured as both negative (À13& to À2&; Heaton, 1990) or positive (þ3.8& to þ9&; Ammann et al., 1999; Moore, 1977) . The contradictory values have led to speculation that there may be secondary fractionation during the photolytic reactions leading to HNO 3 formation (Vicars et al., 2013) . Atmospheric HNO 3 originating from natural processes, such as biogenic NO x emissions (À27&; Felix and Elliott, 2013) (Hastings et al., 2003 (Hastings et al., , 2004 Vicars et al., 2013 (Elliott et al., 2009; Jarvis et al., 2008) . Recent work by Vicars et al. (2013) has identified strong diurnal patterns in d
15 N values of atmospheric NO x in the Los Angeles Basin.
While some of this variation is due to changes in the relative contributions of HNO 3 sources, kinetic and equilibrium reactions (including gaseaerosol phase equilibria) involving NO x , O 3 , HNO 3 , NH 3 and water vapor can potentially fractionate isotopes (Freyer, 1991; Freyer et al., 1993) . The thermodynamics of these reactions is well established (Seinfeld and Pandis, 2006) , but much less is known about their impact on the isotopic composition of HNO 3 in the atmosphere and how this will impact passive collection efforts. Measurements of temporal and spatial variation of the isotopic signature of HNO 3 can improve the understanding of varying sources and oxidation pathways of NO x . A national scale N deposition monitoring network run by the National Atmospheric Deposition Program (NADP) measures wet deposition across the continental US (NADP, 2012), while dry deposition of N in monitored by the US EPA's CASTNET monitoring network. (CASTNet, 2013) . Dry deposition monitoring sites are concentrated in the eastern US, with relatively coarse coverage in the West (CASTNet, 2013) . These gaps are filled for local analysis by simple, inexpensive passive sampling systems containing Nylasorb nylon filters (Bytnerowicz et al., 2005) . These samplers allow monitoring of atmospheric HNO 3 concentration in specific areas of interest and can be used to calculate dry deposition rates through inferential methods (Clarke et al., 1997; Hanson and Lindberg, 1991) . Isotopic analysis of collected HNO 3 may expand our understanding of N sources in the western US, but few studies have addressed the accuracy of the technique. Elliott et al. (2009) observed an offset (þ6.4&) in HNO 3 d
18
O values between actively and passively collected samples, suggesting that the passive samplers may be collecting biased isotopic measurements. This offset may have been associated with kinetic fractionation when HNO 3 adsorbs to the filters, fractionation of HNO 3 during extraction, or the co-collection of nitrous acid (HONO) on the filters (Bytnerowicz et al., 2005) , but more study is needed.
The first objective of our study was to evaluate if passive samplers collect unbiased isotopologues of atmospheric HNO 3 under experimentally controlled HNO 3 concentrations. We hypothesized that the previously noted bias in isotopic measurements of passively collected HNO 3 will not occur under controlled laboratory conditions where the source isotopic signature can be held constant. The second question was whether sources of HNO 3 remained constant through space and time along a transect from the eastern portion of the highly polluted Los Angeles Air Basin eastward into the Sonoran Desert. We hypothesized that anthropogenic sources of NO x would decline eastward toward the low deposition sites. Anthropogenic sources of NO x are expected to be relatively weak at the low deposition sites, so we hypothesized that natural sources of NO x , including lightning and soil emissions, would contribute a higher proportion of atmospheric HNO 3 .
Methods

Continuously stirred tank reactors
Nylasorb filters (Pall Corporation, Port Washington, NY) were exposed to atmospheric HNO 3 with known concentrations and isotopic composition in continuously stirred tank reactors (CSTRs) to determine if isotopic fractionation of atmospheric HNO 3 occurs upon adsorption. Ambient air was pumped through an activated charcoal canister and a HEPA filter capsule (model 12144, Gelman Sciences, Ann Arbor, MI, U.S.A.) to remove background atmospheric contaminants before a concentrated HNO 3 solution (of ). The concentration of the moderate chamber was determined based on the minimum flow rate at which the system produced consistent daily HNO 3 peaks while also maintaining consistent HNO 3 peaks in the high chamber.
HNO 3 within the chambers was measured with passive samplers of the Bytnerowicz et al. (2005) design. Ambient air diffuses through a 47 mm Zefluor PTFE Membrane filter of 2 mm pore-size (Pall Corporation) to a 47 mm Nylasorb nylon filter (HNO 3 collecting medium). All filters were loaded into passive samplers made of a 50 mm diameter Petri dish and capped with Petri dish lids to prevent any contamination prior to their deployment. Upon collection from the chambers, the filters were capped and stored at À20 C.
Passive samplers were first deployed in September 2011 in four sets of three replicates. After the first week, one set of filters was collected while three additional sets continued to be exposed and three additional sets of filters were deployed. This pattern continued until four 1-week, three 2-week, two 3-week, and one 4-week deployments were collected. Two filters were combined for each sample in the 1-and 2-week deployments for both chambers.
Field survey 2.2.1. Study site
The field sites were located in Riverside County, California, United States starting at the city of Riverside on the eastern edge of the Los Angeles Basin and moving east into the Sonoran Desert. Nitrogen deposition decreases in an eastward gradient from Riverside as N deposits and the contaminated air plume mixes with cleaner desert air Fenn et al., 2010; Tonnesen et al., 2003) . Nitric acid passive samplers were installed on September 1, 2011 along the N deposition gradient at 5 sites. Filters were exchanged every 7 days with the final filters being collected on September 29, 2011. One site was designated the 'source' site (Botanic Gardens, 13.1 kg/ha/yr) because it lies at the eastern edge of the Los Angeles air basin, two sites were in high deposition areas east of the Banning pass (Snow Creek, 15.6 kg/ha/yr; Whitewater; 17.6 kg/ha/yr), and two were in low deposition areas in Joshua Tree National Park, approximately 100 km to the east (Pinto Basin, 2.4 kg/ha/yr; Sunrise, 2.3 kg/ha/yr) ( Fig. 1) . Passive samplers were installed 2.4 m above the ground under PVC caps protecting the filters from contamination by rain and dust blowing at ground level.
Lightning
During the study, significant monsoonal rains occurred on September 5, 2011 (Week 1) and September 14, 2011 (Week 2) at all sites. Intense rainfall caused road damage preventing access to the two low N deposition sites for the third week of sampling. Counts of lightning strikes occurring during these events were obtained from the United States Precision Lightning Network which is administered by WSI Corporation and TOA Systems, Inc.
Rainfall appeared to contaminate some of the filters that were exposed during the second precipitation event as evidence by unusually high HNO 3 concentrations. These filters were measured for isotopic signature and all fell within a small range of both d 15 N of 28.5 AE 1.1& and 1.7 AE 0.49& respectively, while the low sites had 20.1 AE 0.7& and 1.9 AE 0.1&. Thus, the rainfall contaminated filters were removed from all data analyses.
Nitric acid analysis
Once all of the filters were collected, they were unloaded and placed in 125 ml polycarbonate Erlenmeyer flasks, to which 20 ml of deionized water was added prior to being shaken on a wristaction shaker. The resulting filter extracts were decanted into a 20 ml HDPE scintillation vials and stored at À20 C. The extracted solutions were analyzed for NO À 3 concentrations on a continuous flow analyzer (SEAL Analytical, Mequon, Wisconsin) using EPA Method 353.2. The total HNO 3 concentration (mg/m 3 ) was calculated using the NO À 3 concentration, the filter adsorption rate, and the length of time the filter was exposed to the atmosphere (Bytnerowicz et al., 2005) . We considered the potential for isotopic fractionation of HNO 3 from the filters during the extraction process and discuss this. 
Statistical analysis
The rate of HNO 3 collection in each chamber was determined by regressing the average dose of HNO 3 to the amount of HNO 3 collected by the filters. The slopes of the high and moderate chambers were compared by ANCOVA using HNO 3 dose as a covariate to determine if the concentration of atmospheric HNO 3 affected the rate of adsorption to the filters. A two-way ANOVA was used to test for the effects of site and deployment length on the 15 N on a single filter as well as the correlation between HNO 3 concentration and its isotopes. HNO 3 concentration data were inverse-transformed to achieve normality for among site analyses. An analysis of covariance effects test was then run for each site to evaluate difference in the correlation based on location. Data were analyzed using JMP software (Version 9.0 SAS Institute Inc.).
Results
Continuously stirred tank reactors
The amount of HNO 3 collected on the Nylasorb filters increased linearly with increasing HNO 3 dose in each chamber, with more variability at moderate doses (Fig. 2) 
Results of ANOVA of CSTR data are presented in Table 1 and the mean values of the relationships in Fig. 3 (Fig. 3A) . The d
15 N values in both the high and the moderate chambers were lower than the source solution after one week deployments, but after three weeks, the mean d 15 N from both chambers was within 0.2& of the source solution (Fig. 3B ). There was a two day malfunction in the CSTR chamber during the third week that led to HNO 3 not being volatilized. The filters that were deployed in the high chamber during this had a lower d
18 O value relative to previous deployments (Fig. 3C ) and the d 15 N of these filters decreased, but not significantly (Fig. 4D) . 
Field measurements
The results of the ANOVA of field data is presented in Table 1 and the means and significant differences among sites are presented in Table 2 . HNO 3 concentration and d
18 O values were higher at the source and high deposition sites relative to the low deposition sites.
The d
15 N value of HNO 3 was highest at the source site, then decreased at Snow Creek, and was lowest at the three eastern most sites. The number of lightning strikes within 10 km of the samplers was higher at the low sites (PB: 412 strikes, SM: 259 strikes) than the high (SC: 161 strikes, WW: 104 strikes) and the source site (BG: 1 strike) (Fig. 1) . There was a decrease in the temperature and increase in humidity during week 2 and 3, with values returning to pre-storm conditions during Week 4 deployments (WRCC, 2013) .
The results of ANOVAs for the effect of deployment week and week collected are presented in Table 1 . The two high sites and two low sites were each combined for these analyses. Differences in values based on deployment week are presented in Fig. 2 . Amount of HNO 3 collected per filter relative to the dose of HNO 3 to which they were exposed in two different concentrations of the continuously stirred tank reactors. 15 N, and HNO 3 dose for passive samplers in both CSTR and field experiments (df ¼ degrees of freedom). The CSTR filters were analyzed independently for effects based on deployment week in the chamber as well as deployment length. The field sites were analyzed for the effect of site location, and then filters from each deposition region (Source, High, Low) were combined and analyzed by deployment week and week collected. concentration) are useful in identifying systems dominated by twocomponent mixing processes (Pataki et al., 2003 O relative to 1/HNO 3 concentration were linear and varied independently among sites (Fig. 6) .
Two-source mixing models were constructed independently for the high sites and the low sites for both d 15 N and d
18 O (Fig. 6) The source site was left out of this analysis due to the second endmember not trending toward the shared endmember isotopic signature.
Discussion
Utility of passive samplers for isotopic measurements of HNO 3
The Nylasorb filters in the high and moderate HNO 3 concentration chambers collected HNO 3 at a constant rate over a 4 week period without becoming saturated. This observation is consistent with previous studies conducted both outdoors and in CSTRs (Bytnerowicz et al., 2005) . The isotopic signature of HNO 3 collected on Nylasorb filters relative to that of the source solution suggests that the atmospheric concentration of HNO 3 and the deployment length both impacted the isotopologues collected by the filters, 27.0&) which may have been due to changes in atmospheric chemistry within the chambers resulting from differences in temperature and UV radiation among deployments. The lack of relationship between the bias of d 15 N and d
O on individual filters
indicates that there were no significant leaks in the system as this would have created a mixing of isotopologues toward a second source in both chambers. The increased isotopic variation during shorter deployments in the moderate HNO 3 concentration chamber suggests that it may take longer than a week for an isotopic equilibrium to form between atmospheric HNO 3 and HNO 3 collected on the filters. There was a positive relationship between isotopologues of HNO 3 collected on synchronous 1-week filters in the high and moderate chambers suggesting that similar changes in background conditions were impacting both sets of filters, but had a larger impact in the moderate concentration chamber. The variability may have been caused by the atomic variability of HNO 3 coming in contact with the samplers at low concentrations as well as possible fractionation during the extraction process. There was no relationship between weekly variation in temperature and humidity, but daily fluctuations may have led to differences in adsorption rates. The source of HNO 3 was unchanged for the entire 4-week deployment, 
18
O values for filters based on the week that filters were collected (A) and the deployment week (B). Numbers signify the week of the filters were collected/deployed and error bars represent standard error of the mean.
Table 2
Differences in HNO 3 concentration and isotopic signature among sites. Values represent the mean of all filters exposed at a site and standard error of the mean. Significant differences among group means are indicated by superscript values (Student's t-test; a < 0.05).
Botanic
Snow creek Whitewater Pinto basin Sunrise O value than the source solution, so a two week exposure is recommended to obtain an accurate measurement. While rates of dry deposition of atmospheric HNO 3 to soil and plant surfaces are affected by changes in temperature and humidity (Brook et al., 1999) , variations in temperature and humidity in the CSTRs did not have an effect on changes in isotopologue accumulation on the filter. This finding suggests that changes in accumulation that occurred in the field were the result of changes in atmospheric concentrations associated with changing sources of HNO 3 .
Field measurements
The HNO 3 concentrations recorded at the high field sites were similar to previously measured levels, while the low sites increased from 2.5 to 3.5 mg/m 3 Rao et al., 2009) . The increase may have been related to the precipitation events which did not occur during previous deployments. The baseline isotopic signature of atmospheric HNO 3 (Week 1 deployment, 1-week exposure) was unique at the source, high, and low sites. The d
15 N values of all samples were negative (À1.1& to À5.6&) suggesting that the main source of anthropogenic HNO 3 was automotive (Heaton, 1990) . This is consistent with emissions data from Los Angeles where over 50% of NO x comes from automotive combus- The contribution of HONO is also unknown at each site. The HNO 3 :HONO has been measured as low as 2.3:1 within the city of Riverside (Bytnerowicz et al., 2005) , but is expected to be high in rural areas such as San Gabriel Mountains (40:1) and the San Bernardino Mountains (21:1) downwind of Los Angeles (Bytnerowicz and Fenn, 1996; Seinfeld and Pandis, 2006 The deployments immediately following the rain event collected more HNO 3 at the high and source sites than those deployed during the first two weeks. Previous CSTR chamber experiments have shown an increase in HNO 3 adsorption under high humidity, but not of the same magnitude measured in this experiment (Padgett, 2010) , suggesting that the change in concentration was due to an increase in ambient HNO 3 . The two main factors that could increase the amount of ambient HNO 3 in the desert are soil NO x emissions and lightning. The wetting of dry desert soil leads to pulses of biogenic NO x (McCalley and Sparks, 2009), however; soil emissions of NO x are expected to have depleted d
15 N values due to preferential fractionation of lighter isotopes (Felix and Elliott, 2013) , while the d
18
O value would be consistent with other atmospheric values due to the same oxidation pathway. Summer monsoons in the region tend to have a significant amount of lightning, which can produce 3.5 kg N per flash (Schumann and Huntrieser, 2007) dominated by NO x (Hastings et al., 2003; Tie et al., 2001) . NO x is produced in the lightning channel by the Zel'dovich mechanism from the breakup of N 2 and O 2 molecules (Zel'dovich and Raizer, 1966 (Kroopnick and Craig, 1972) and the d 15 N of atmospheric N 2 is 0&. This pulse of NO x can be rapidly converted to HNO 3 in the lower troposphere (Tie et al., 2001) , which leads us to conclude that HNO 3 from lightning is mixing directly at each site with the background HNO 3 from anthropogenic sources. The lightning HNO 3 had a larger impact on atmospheric concentrations at the low deposition sites relative to the high deposition sites due to the lower background HNO 3 concentrations present before and after the storms moved through (Fig. 5) . A two source mixing model determined that lightning created 63.5 AE 4.1% of the HNO 3 at the low sites compared with 41.6 AE 3.7% at the high sites.
The only hesitation we have in attributing the second source to lightning is the continued mixing present in the filters deployed during the fourth week. During these deployments, the isotopologues of HNO 3 began to return to their pre-storm values at the source and high sites, while the low sites remained near the lightning value. The road to the low site was washed out by the rain events and subsequently closed, which reduced local traffic and therefore anthropogenic NO x emissions. This suggests that there is a lingering effect of the precipitation event on atmospheric HNO 3 concentration. A pulse of HNO 3 from a lightning strike would not be expected to remain in the air column for any significant amount of time due to air mass movement and the mean residence time of HNO 3 in the atmosphere. An alternate hypothesis is that the precipitation event changed the rate of HONO formation and led to more HONO being collected on the filter than HNO 3 . Further research is needed to measure HONO as well as the isotopic signature of soil emissions following the wetting of soil and whether or not they are affected by lightning strikes.
Due to the contribution of the lightning HNO 3 , the filters were exposed to atmospheric conditions with a varying dominant source of HNO 3 . The initial atmospheric conditions affected the final isotopic signature of the collected HNO 3 . The strong separation of mean values based on date of first deployment along dual isotopic space suggests that the isotopologues collected during the initial deployment period have a disproportionate impact on the final isotopic signature of the sample (Fig. 4) . Given that the highest concentrations of HNO 3 were collected on the week 3 samples at the high and source site (Table 3) , it could be assumed that the filters exposed during this period would have the largest influence on the total HNO 3 d 15 N and d
18 O. This is not a function of saturation of the filter, as the CSTR showed that under controlled conditions, there HNO 3 adsorption increased linearly through time (Fig. 2) .
Since there was no relationship between the date the filters were collected and the isotopic signature of those filters, it is assumed that the adsorption of HNO 3 to the filters is limited over time. This may have been due to dust particles collecting on the PTFE filter that controls air diffusion to the Nylasorb (Bytnerowicz et al., 2005) . Future experiments should measure the amount of HNO 3 collected on the PTFE filter to determine if fractionation is occurring. In the same vein, the linear mixing of isotopes collected on the filters at each of the sites suggests that there is not significant exchange of isotopologues of HNO 3 bound to the filter with those in the atmosphere.
The d 15 N and d
18 O values collected during week 4 at the source site indicate that atmospheric HNO 3 was returning toward its normal composition more quickly than the desert sites. This may be the result of the source site sampler being located 1.5 km from a major freeway where it was exposed to a consistent input of NO x . The source site also did not receive as much precipitation during the deployment period as the other sampling sites. The variation measured in weekly field samples increases the need to experimentally alter the source HNO 3 solution in the CSTR. Alternating between spiked and standard HNO 3 solutions would mimic the pulses of HNO 3 added to the atmosphere by lightning strikes and verify our two source mixing models. It may also prove to be beneficial to alter humidity, wind speed, and wetness of the filter in the CSTR to determine if conditions present during and following a precipitation event bias adsorption of isotopologues.
Conclusions
The results of this experiment suggest that Nylasorb filters are an effective means of collecting atmospheric HNO 3 for isotopic analysis. Under stable conditions the filters can collect accurate, 15 N. Using a twoweek deployment minimizes the amount of variability in the isotopic ratios data for both elements while increasing the ability to plan the deployment around variable weather patterns. This also limits the impact that dust accumulation could have air diffusion to the filter surface. The storms with lightning events that occurred during the study period created variable isotopic ratios of HNO 3 during the multiple deployment periods. The mixing of isotopologues was indicative of a two-source mixing model with a shared second source among the high and low deposition sites. We attributed this shared source to HNO 3 created by lightning strikes based on the similarity of N and O isotopic signatures of N and O with their atmospheric constituents. Future CSTR chamber studies should use an HNO 3 isotope tracer to simulate a pulse of a second HNO 3 source into a stable atmosphere to verify how the filters adsorb isotopologues of two sources of HNO 3 .
